The mechanical response of thirteen different helical multi-walled carbon nanocoils to axial compression is reported. Each nanocoil was attached to the apex of a cantilever probe tip; its dimensions and orientation relative to the tip apex were determined with scanning electron microscopy. The atomic force microscope was employed to apply a cyclic axial load on the nanocoil. Its mechanical response was determined by simultaneous collection of the thermal resonance frequency, displacement, and oscillation amplitude of the cantilever-nanotube system in real time. Depending upon compression parameters, each coil underwent buckling, bending, and slip-stick motion. Characteristic features in the thermal resonance spectrum and in the force and oscillation amplitude curves for each of these responses to induced stress are presented. Following compression studies, the structure and morphology of each nanocoil were determined by transmission electron microscopy. The compression stiffness of each nanocoil was estimated from the resonant frequency of the cantilever at the point of contact with the substrate surface. From this value, the elastic modulus of the nanocoil was computed and correlated with the coiled carbon nanotube's morphology.
Introduction
Carbon nanotubes have interesting structural diversity. They can be hundreds of microns long yet have diameters of only a few nanometers. Single-walled carbon nanotubes are generally straight whereas multiwalled carbon nanotubes can have straight as well as coiled morphologies. The synthesis and characterization of coiled carbon nanotubes (CCNTs) were first reported two decades ago [1, 2] . Since that time, a great deal of effort has been expended in improving the yield and quality of CCNTs [3] [4] [5] [6] [7] and in characterization of their mechanical properties [8] [9] [10] [11] [12] . Applications of CCNTs as components in composites [13] [14] [15] [16] [17] [18] [19] and devices [3, 20, 21] have emerged.
The objectives of the work presented herein were to determine the stiffness of CCNTs to axial compression and to correlate this stiffness with their composition/structure. Our approach involves attaching an individual nanotube to the tip of an atomic force microscope (AFM) probe and then using this instrument to apply a controlled mechanical load to the nanocoil [22] [23] [24] . Mechanical loading of straight or coiled nanotubes results in compression, buckling, and sliding on the substrate surface [9, 22, 23, [25] [26] [27] [28] [29] [30] [31] [32] . To meet our objective, thirteen CCNT-modified cantilever probes were prepared. The geometry of each CCNT was first determined by SEM imaging, then its mechanical response to compressive loading was monitored by multidimensional force spectroscopy (MDFS), and finally its chemical structure was determined by transmission electron microscope (TEM) imaging. This sequence was mandated by the fragility of the CCNTs to electron beam bombardment.
MDFS refers to the simultaneous collection of the thermal resonance frequency, displacement, and oscillation amplitude of the cantilever. From analysis of MDFS of cantilever deflection and thermal resonance data through the compression/decompression cycle on the CCNT, we have identified thermal resonance vibrational signatures for buckling, bending, and slip-stick events. We have also acquired new information concerning interactions of the nanocoil with the substrate surface. The outcomes of this effort 2 Journal of Nanotechnology include the following: (i) a more thorough analysis of the nanocoil's response to mechanical compressive loading, (ii) a demonstration of the advantages of MDFS over conventional techniques (i.e., shifts in oscillation amplitude and phase), and (iii) a correlation of carbon nanospring stiffness with composition.
Experimental
The thirteen CCNTs used herein were fabricated and mounted on AFM probes (MikroMasch, Wilsonville, OR) at NASA Ames Research Center. The CSC-38 chips have three beams. In most cases, the carbon nanocoil was attached to the longest of the cantilevers having an average stiffness of 0.03 N/m. Only one was modified per chip. The rationale behind this is the following: (1) the field of view of the optical microscope used to fabricate these probes enabled viewing of only one cantilever at a time; (2) our AFM is capable of tracking only one cantilever at a time; and (3) compression studies on a nanocoil attached to a short cantilever would subject the nanocoil attached to a longer cantilever to such high compressive loads that mechanical damage is highly likely. The nanocoil was prepared via CVD methods and attached to the cantilever probe tip through a manual attachment technique. This process is explained in detail elsewhere [33] .
Characterization of the placement and orientation of the CCNTs was performed using a LEO model 1550 SEM at a resolution of 2 nm. Characterization of the CCNT structure and morphology was performed using a JEOL100CX-2 TEM. A custom holder capable of securing the entire cantilever chip within the beam path was designed and manufactured. Initial TEM imaging of the CCNT-modified cantilever tips revealed beam-induced damage to the nanocoil. We speculate that damage occurred because there is no direct path for heat to dissipate from the sample to the holder. To reduce damage to the nanocoil, TEM imaging was postponed until after completion of compression studies and the duration of direct beam contact with the nanocoil was kept to a minimum.
All compression tests were performed under a nitrogen atmosphere using a Nanoscope IIIa (Veeco, Santa Barbara, CA) scanning probe microscope operating in Tapping Mode. The piezo scanner was calibrated in x, y, and z dimensions using NIST certified calibration gratings (MikroMasch). The substrate was a template-stripped gold surface [34] that was attached to a metal shim using a heat-cured epoxy (Epotek, Billerica, MA). The gold surface was then treated with 11-dodecanethiol (Sigma-Aldrich) to minimize adhesion of the nanocoil to the substrate. In addition to standard shims, a set of angled shims were fabricated with 5 ∘ and 10 ∘ slopes [35] . Detector sensitivity was determined by deflecting the cantilever under conventional AFM operation without making contact to the CCNT. This was achieved using a micromachined silicon pillar specially fabricated for this purpose.
The microscope was set in force curve acquisition mode and the scanner was cycled in the z-direction for ∼2 hours without allowing the nanocoil to make contact with the substrate. Next, oscillation of the cantilever was initiated at a frequency just below its natural resonance. The oscillation amplitude was monitored as the scanner extension start position was raised to the point where the nanocoil made contact with the substrate. Then cantilever deflection and oscillation amplitude were monitored as a function of scanner vertical movement. The range of scanner motion was held constant at 2.5 m; the initial scanner position was adjusted to set the desired extent of compression on the nanocoil. Force and oscillation amplitude curves were acquired at a scanner velocity of 100 nm per sec with and without external excitation of the cantilever.
Thermal resonance data was acquired by routing the cantilever deflection signal from the AFM signal access module to a BNC-2110 connector block into the computer via a PCI-6120 data acquisition card (DAQ) (National Instruments, Austin, TX). The DAQ was also used to acquire the timedependent deflection data, piezo drive voltage signal, and the horizontal deflection signal. The horizontal cantilever deflection signal was accessed directly from the printed circuit board on the base of the microscope and connected to the connector block. Data acquisition software written in LabVIEW (National Instruments, Austin, TX) converted the deflection data into the frequency domain using a BlackmanHarris window. Cantilever resonance data was acquired with a sampling rate of 800 kHz; the resolution along the frequency axis of the power spectral density (PSD) trace was 57 Hz. To improve the signal-to-noise ratio, an ensemble average of fifteen FFTs was taken. Thus, fifty ensemble-averaged PSD traces were recorded during each force curve.
Cantilever spring constants and Q-factors were computed using a data processing program that was written in MAT-LAB (MathWorks, Natick, MA). The program is based on the method of Hutter and Bechhoefer [36] for calculating spring constants and Q-factors employing a nonlinear least squares fitting of thermal resonant spectral data.
Results
Prior to axial compression of each of the multiwalled CCNTs in the AFM, their placement and orientation on the probe were determined by SEM. Figure 1 displays SEMs of one of the nanocoils used in this study; this nanocoil was mounted onto a CSC-38 silicon cantilever with a spring constant of 0.037 N/m. SEM images acquired from several views were analyzed to provide measures of the coil diameter (D), nanotube diameter (d), free length (l 0 ), and number of active coils (n) extending from the probe tip. The contact angle was estimated from the known tilt of the cantilever in the holder and from measurement of the relative angle of the nanocoil to the probe tip as determined from the SEMs taken at orthogonal views. From these, the compression angle of the nanocoil ( comp ) was determined. Details concerning the orientation and geometry of the CCNTs used in this study are presented in Table 1 .
When the probes were mounted in the AFM, extension of the z-piezo scanner supplied mechanical loading to the CCNT. The magnitude of applied load is a function of scanner extension following contact of the nanocoil with the substrate times the spring constant of the cantilever to which the nanocoil is attached. In this study, to systematically vary the applied load, the scanner start position was varied; the range and speed of scanner extension were kept constant at 2500 nm and 0.02 Hz, respectively. To reduce the probability of mechanically induced damage and/or detachment of the nanocoil, compression/decompression studies were performed without contacting the silicon probe tip to the surface. This constraint, coupled with the desire to precisely control the magnitude of applied load, necessitated the following protocol. Prior to approaching the surface, the microscope was first engaged in tapping mode with the cantilever driven at its fundamental vibrational frequency. The microscope was then switched to force curve mode and the cantilever oscillation amplitude was used to determine the point of contact between the nanocoil and the surface. Contact was indicated by a sharp decrease in the oscillation amplitude. Setting the oscillation drive amplitude to zero enabled monitoring of the thermal resonance of the cantilever continuously during cyclic movement of the scanner. Thus, at each compression increment, force curves, oscillation amplitude plots, and thermal resonance spectra were acquired. Figure 2 presents the thermal resonance frequency as a function of time over four cycles of scanner approach and retraction as the CCNT (Figure 1 ) was brought into and out of contact with an 11-dodecanethiol-modified templatestripped gold substrate surface anchored onto a flat shim. In this figure, the CCNT was in contact with the substrate only during the last 250 nm of scanner extension. Two thermal resonance frequencies are observed over the frequency band of 0 to 400 kHz. Prior to contact, the fundamental cantilever resonance frequency (orange) is found at 9.4 kHz and the secondary vibrational mode (blue) is observed at 71.7 kHz. These frequencies reflect the free vibration of the cantilever since the effective mass of the nanocoil is negligible. At the point of contact, the nanocoil becomes pinned on the substrate and the thermal resonance rises to 30 kHz reflecting the stiffness of the nanocoil attached to the cantilever probe. The CCNT begins buckling shortly after contact with the surface and the fundamental resonance frequency drops from 30 kHz to 12 kHz at full extension of the scanner. During the retract portion of the scan cycle, the resonance frequency increases until the point of release of the nanocoil from the surface. At this point, the resonance frequency returns to its fundamental resonance value in free space (9.4 kHz). A similar trend was observed for the secondary vibrational mode of the cantilever. A salient feature of the data presented in Figure 2 is the reproducibility of the frequency shifts from one scanner cycle to the next. In each cycle there is an asymmetry in the frequency response of the system; higher values are observed during retract of the scanner (i.e., 30 kHz) than on approach (42 kHz). A plausible explanation for this observed hysteresis is increased tension caused by adhesive interactions between the coil and the surface [37, 38] . Figure 3 (a) displays the corresponding force curve acquired by the AFM during one scanner cycle for the CCNT under discussion (Figure 1 ). The point of contact on the approach portion of the force curve occurred at the same time point as the jump in frequency presented in Figure 2 . Similarly, the return of the frequency to 9.4 kHz occurred at precisely the same time as the release event in the retract portion of the force curve. The downward deflection of the cantilever on scanner retraction is consistent with a small amount of adhesion between the nanocoil and the chemically modified surface. An adhesion force of 1.6 ± 0.3 nN was computed from the measured downward deflection of the system at the point of release. Figure 3 also presents force curves acquired at different compression distances between the CCNT and the substrate surface after first contact. The range in compression distances examined spanned from 125 to 875 nm. Salient features in the approach curves over this distance interval include two regions of increasing cantilever deflection with scanner extension and an intermediate region where no deflection is occurring despite upward movement of the substrate. Note that the second linear region is not due to contact with the probe since the nominal length of the nanocoil is 4.7 m (helical pitch of 1.16 m) which is more than thrice the distance the scanner extends following contact. The oscillations present in regions of the force curves where the CCNT is not in contact with the substrate surface are a result of optical interference from laser light reflecting off both the cantilever and the substrate. This interference is also detected as a periodic fluctuation of noise floor in the thermal resonance (data not shown). Figure 4 presents the frequency response of the CCNT during the compression events depicted in Figure 3 . To assist the reader in comparing the frequency response as a function of time and contact distances, the traces have been offset along the frequency axis. The scanner extension data is also presented in a secondary y-axis to enable the reader to visualize the time point of scanner retraction facilitating comparison of the frequency response with corresponding force curves in Figure 3 . Traces (i)-(iii) in Figure 4 are comparable in shape to those reported previously for a nanocoil affixed to a stiff cantilever [22] . Traces (iv)-(vi) exhibit a second shift in frequency for both resonance modes; this feature was not previously observed. Note that the discontinuity in the traces for the primary resonance mode reflects a region where the resonance amplitude decreased in magnitude until it was no longer distinguishable from the background. Also note that during approach, the time point at which a second rise in frequency occurs corresponds to the time at which the cantilever bends upward for the second time in the force curves presented in Figure 3 . Figure 5 displays the secondary mode frequency response (a), the force curve (b), and oscillation amplitude (c), data collected during a single scanner cycle for a contact distance of 875 nm and stacked in a manner to aid comparison. Note that in this figure, the frequency, cantilever deflection, Journal of Nanotechnology and change in oscillation amplitude data are plotted as a function of scanner movement. The cantilever-CCNT system remains in free space vibration until the scanner extends to the point of contact between the nanocoil and the substrate. The initial contact (designated with arrow #1 in all three panels) occurs at ∼1620 nm into the scan cycle and is marked by a decrease in cantilever oscillation amplitude, upward deflection of the cantilever, and an increase in its resonant frequency when the cantilever is driven by only thermal motion. As the scanner continues to extend, there is a nonlinear drop in frequency simultaneously with a linear upward deflection of the cantilever (designated with arrow #2). This combined behavior is consistent with CCNT buckling. At ∼1815 nm of scanner extension, the cantilever begins to deflect downward, towards the substrate. Beginning at ∼1865 nm of scanner extension (designated with arrow #3), cantilever deflection and resonant frequency remain constant even though the scanner is continuing to extend towards the cantilever. Constant deflection and resonant frequency are observed until the scanner has extended to ∼2150 nm (designated with arrow #4). At this point, the cantilever bends upward in a linear fashion and its resonant frequency increases with scanner extension until the point at which the scanner begins to retract. As the scanner retracts, the expected decrease in cantilever deflection and resonant frequency is observed. At a scanner position of ∼2105 nm on the retract direction, a sudden upward motion of the cantilever is observed to be typical of sudden release of a portion of the CCNT from the substrate surface (designated with arrow #5). The resonant frequency and deflection remain constant until the scanner has retracted to 1450 nm. Then, the nanocoil detaches from the surface (designated with arrow #6) and the frequency of the cantilever-nanocoil system returns to its free space value. Three possible explanations for the behavior described above are that the CCNT undergoes (1) postbuckling, a deformation of the wall structure of the nanotube [39] , (2) higher order buckling that deforms the helical structure of the nanocoil, or (3) movement across the substrate by slipstick motion [40] . Two "ringing" events are observed during retract motion of the scanner in the oscillation amplitude plot ( Figure 5(c) ) indicated by #5 and #6. During scanner retraction, tension increases until the restorative forces acting on the cantilever overcome the adhesive interaction. A sudden release from contact causes a short-lived oscillation of the cantilever, that is, "ringing. " The observation of two "ringing" events in the oscillation amplitude plot is supportive of the slip-stick hypothesis. We postulate that slip-stick motion results in a larger portion of the nanocoil coming into contact with the substrate. The tension imposed by scanner retraction and the increased contact area should result in a larger resistance to the restorative force of the cantilever. Release of a portion of the CCNT completely from the surface results in ringing as the coil adopts a new geometry.
To test the slip-stick hypothesis, we systematically varied the nanocoil angle at point of contact. The geometry and orientation of the CCNT, relative to the cantilever, were determined by analysis of a set of scanning electron micrographic images acquired at various angles. When brought into contact, the angle at the point of contact of the CCNT is ∼7 ∘ relative to the surface normal. To change the angle, Journal of Nanotechnology ∘ . The displayed frequency data is from the second vibration mode, due to increased S/N response. In the plots we observe several phenomena occurring during the scanner extension: the initial contact with the substrate (1), buckling response of the nanocoil (2), and slip-stick motion (3, 4) . During scanner retract motion we observe several ringing events in the oscillation amplitude that correlate to the return to the buckling geometry of the coil (5) and release from the surface (6).
beveled shims were used in place of standard mounting shims. Wedge-shaped shims [35] were manufactured with a 5
∘ grade and scribed to mark the reference position. A simple 180
∘ rotation of the wedge-shaped shim afforded the acquisition of data sets at nanocoil point of contact angles of 2 ∘ and 12 ∘ . Experiments were conducted using the wedgeshaped shim in the same manner as with a flat shim. If the onset of the second jump in frequency was due to a stick event following slip, then our expectation was that this event would occur at lower scanner extension values with increasing point of contact angle. Figure 6 is a compilation of the primary (panels (a)-(d)) and secondary (panels (e)-(h)) resonance mode frequency shifts observed during nanocoil compression at the following point of contact angles: 2 ∘ (blue), 7 ∘ (red), and 12 ∘ (green). Panels (a) and (d) show no discernible differences in the frequency response at the three angles when the CCNT was in contact with the substrate for a scanner extension distance of only 250 nm. At an in-contact distance of 375 nm (panels (b) and (f)), the frequency response on the 2 ∘ and 7 ∘ substrates are the same; however the occurrence of a second frequency shift is observed on the 12 ∘ substrate. At greater in-contact distances (panels (c), (d), (g), and (h)), the second frequency shift event occurs at all three angles. It is interesting to note that as the contact angle is increased, the frequency response of the system during the approach and retract segments is asymmetric and correlates with point of contact angle. On the 2 ∘ substrate at 875 nm of extension, the first and second frequency shifts have a strong symmetry with the cyclic motion of the piezo scanner. As the angle is increased to 7 ∘ or 12 ∘ , this symmetry is lost and is indicative of increased areas of contact between the CCNT and the substrate facilitated by the slip-stick event. Figure 7 (a) presents force curve and frequency response data when the CCNT was brought in and out of contact with the substrate at an approach angle of 2 ∘ for a compression distance of 375 nm. Note that over the time interval of 23.5-25 s, the scanner is extending without a significant change in either cantilever deflection or resonant frequency. Similarly, over the time interval 25.5-27 s, the scanner is retracting with no significant change in cantilever deflection or resonant frequency. We suggest that during each of these periods, the CCNT is sliding across the surface into a new geometry. Figure 7 (b) compares the resonant frequency response to the apparent spring constant of the cantilever-nanocoil system calculated from the thermal spectra acquired at each data point in the frequency plot. Note that over the time interval of where the frequency response is constant, the spring constant of the system oscillates. This is not indicative of a mechanical stiffening of the nanocoil but rather covariance between the baseline amplitude and the spring constant in fitting the function to the amplitude-frequency data. As the nanocoil undergoes the "slip" portion of slip stick across the surface it is under a constant force from the cantilever, rather Journal of Nanotechnology than a progressive force observed during buckling. As the contact area of the nanocoil increases, the frictional forces acting on the coil increase, causing the measured stiffness to increase. The strength of adhesion depended upon the angle of compression. Adhesion forces of 1.6 ± 0.3, 1.6 ± 0.2, and 3.2 ± 0.5 nN were computed from the measured downward deflection of the system at the point of release at 2 ∘ , 7 ∘ , and 12 ∘ , respectively. The increase in average adhesion force at 12 ∘ is consistent with the increase in contact area resulting from slip-stick motion of the nanocoil at this compression angle. TEM imaging was used to determine the internal structure for each CCNT investigated herein. Images were acquired at the point of attachment of the tube to the tip, at the free end of the tube, and at several points in between. Based on the image features at each of these locations, the nanocoils were divided into three classifications. Images of CCNTs classified as multiwalled nanocoils contained the characteristic image feature of crystalline, concentric graphitic planes. For some of the CCNTs, images near the point of attachment were devoid of features consistent with multiwalled nanotubes. The observed features were consistent with the region being either amorphous or fibrous and were most likely created during the arc discharge attachment process. For many of the CCNTs, images taken in between the point of attachment and the end revealed the crystalline structure of concentric graphitic planes with occasional defects. The presence of occasional defects along the nanocoil is both expected and a likely outcome of the CVD growth method used to prepare the CCNTs. In some instances, a MWCNT with crystalline material filling its void space was observed; CCNTs with this structural feature were classified as "filled-tube" nanocoils. In other instances, images of CCNTs revealed little or no crystalline MWNT characteristics. These CCNTs were designated as "amorphous carbon". Typical TEM images of each morphology are presented in Figure 8 .
In addition to determining the internal structure, TEM images also provided measures of the coil diameter, tube diameter, wall thickness, and inner diameter of the hollow region. The number of walls was estimated dividing the difference between the outer and inner diameters of the tube with 3.4Å, the thickness of a graphitic layer. Table 2 displays the TEM measurements of the nanocoils used in this study.
Discussion
A measure of the nanocoil's response to compression is its elastic modulus, E. To calculate this quantity from the data obtained required us to model the nanocoil as a compression spring. The spring constant for a coil (k) is related to the shear modulus of the spring material through the following geometric relationship:
where G is the shear modulus of the spring material, d is the diameter of a filled tube or amorphous carbon fiber, D is the coil diameter, and n is the number of active coils [41] . Rewriting this equation to incorporate a hollow spring bar or tube yields
where and are the outer and inner diameters of the concentric tubes that comprise the coiled MWNT, respectively. For elastic materials, the shear modulus is related to the elastic modulus by the following expression:
where ] is the Poisson's ratio. Assuming ] = 0.3, one can write the expression in terms of the elastic modulus to give = 2.6 = 20.8 fiber
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for the coiled carbon nanotubes once the spring constant of the coil has been determined. The stiffness of the nanocoil to axial compression is directly related to the thermal resonance frequency at the point of contact of the nanocoil with the substrate. The resonance data presented herein was collected after ensemble averaging of the power spectral densities. This averaging was necessary to improve the signal-to-noise ratio in the amplitude versus frequency data. By doing so, we lose the ability to track, with certainty, the frequency at the point of contact. If, during the time interval of data collection and ensemble averaging, the nanocoil undergoes bending, buckling, or slipstick motion, then the average frequency will be less than that at the point of contact. The bending/buckling phenomenon is facilitated by open end spring geometry [41] . Thus, the compression stiffness of the CCNT can only be estimated from the resonant frequency of the cantilever at the point of contact with the substrate surface. The spring constant of the coil is computed from the effective spring constant of the system using a springs-in-parallel model. For the CCNT upon which the data in Figure 7 was obtained, a CCNT of 0.106 ± 0.003 Nm −1 was computed using this approach. No significant difference in the calculated value of CCNT with respect to the angle at the point of contact was observed. The identical approach was used to determine the stiffness of the other CCNTs examined herein; the measured values ranged from 0.020 to 0.115 Nm from tensile loading of a CCNT connected between two AFM probes. Thus, our CCNT values lie within the range previously obtained for CCNTs but well below the values predicted from simulations [42] . The elastic modulus for each CCNT was calculated from the measured CCNT using either (4) or (5), depending upon the morphology of the nanocoil. Table 3 presents a comparison of the computed values with CCNT morphology. There is a large difference in the elastic modulus between tubular nanocoils and amorphous carbon nanocoils. A mean of 15 ± 8 GPa was found for filled and hollow nanocoils whereas a mean of 1.4 ± 1.1 GPa was found for the amorphous nanocoils. In contrast, filled nanocoils have a modulus of 19 ± 10 GPa ( = 3), and the MWNT-structured coils have a modulus of 13 ± 5 GPa ( = 6). These values are not statistically distinguishable from each other. Previously, Volodin et al. obtained much higher values (400-900 GPa) from AFM imaging studies [43] . Hayashida and coworkers obtained values ranging from 40 to 130 GPa from tensile loading experiments [8] . But our range is in agreement with very recent simulations by Wang and coworkers [44] . They evaluated a CCNTs response to both tension and compression using classical molecular dynamics simulations. Their findings indicate that the first linear regime of the stress versus strain curve for the CCNT under compression extends from zero to 9.2 GPa at a strain of 16%. They predict that as long as the strain is less than this value, the deformation of the CCNT is reversible. Reversible deformation is observed in the repeated loading depicted in Figure 2 .
Summary
MDFS involves the simultaneous acquisition of the cantilever's deflection and thermal resonance data continuously throughout the acquisition of a force curve. We have demonstrated herein that when this technique is applied to the compression of a CCNT, unique signatures for buckling, bending, and slip-stick events of the nanocoil are observed. These mechanical responses to applied load are sometimes difficult to identify with conventional force spectroscopy (i.e., force or oscillation amplitude curves). Spring constants for the CCNT have been determined from thermal resonance frequency shifts during compression. Modeling of the CCNTs as compression springs has afforded estimates of their elastic modulus; these estimates fall within the theoretically predicted range and correlate with the nanocoil's morphology. From the results presented herein, we conclude that the major structural factor determining the mechanical properties of CCNTs is whether the core is amorphous or consists of multiwalled nanotubes.
